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Feedback for Skill Acquisition: Preliminaries to a Theory of Feedback

For centuries scientists who have studied the learning of motor skills have known that
information about the learner's success in meeting some environmental goal-—-often referred to
as feedback—is critical for efficient learning (sec Adams, 1987, for an historical review). This
area of feedback for skill acquisition has attracted considerable attention as a result, mainly in
the realm of motor behavior, but also to some extent in verbal behavior as well. Many forms of
feedback are usually available to learners, making up the intrinsic information that is normally
available during or after the production of a movement, such as seeing that I typed the proper
letter, or sensing kinesthetically that a dance movement is smooth and effortless. I suspect that
the majority of research effort in feedback and learning has been motivated by the desire to
understand how these intrinsic feedback processes obcratc to provide the natural learning
enjoyed by animals and humans throughout their lifetimes.

However, this intrinsic feedback is not easily controlled and manipulated in the laboratory,
making it difficult to study experimentally. As a result, many investigators have operationalized
such feedback in laboratory settings as knowledge of results (KR)--usually defined as
augmented, extrinsic (supplementary to intrinsic feedback), verbal(izable), post-response
information about the extent to which the movement has met the environmental goal (Schmidt,
1988, Chapter 13). Especially in many real-world tasks, this feedback information can be
redundant with the intrinsic information (Fowler & Turvey, 1978), which is difficult to control.
As a result, scientists have chosen relatively simple tasks for their research, preventing learners
from using this intrinsic information in a variety of ways (e.g., blindfolds, etc.), so that the
remaining intrinsic feedback is not particularly meaningful or useful, and extrinsic feedback
becomes the most critical variable for learning. Then, extrinsic information is provided in the
form of KR, allowing investigators to examine a host of variations of this form of information

for lcarningl.

FEEDBACK FOR SKILL ACQUISITION

Those interested in training in a variety of practical situations (such as ARI) have had a
slightly different motivation for examining feedback, and slightly different methods. Here,
feedback is viewed as a training procedure during an acquisition (or practice) phase. The
concem is for how such information can be used to maximize learning, to make it more
efficient, to provide increased capabilities for performance in long-term retention, or to enhance
generalization to other similar actions or situations. As such, the concerns for training have




Feedback for Skill Acquisition

centered on questions concerning what kinds of information should be provided, and on its
scheduling throughout practice. Other kinds of supplementary information are of interest as
well, such as the information that a coach or teacher might provide to an athlete or dancer about
how the pattern of action could be improved (.g., "You bent your elbow that time"), hopefully
leading to more effective goal achievement on the next attempts; such information is termed
knowledge of performance (KP), or kinematic feedback, because it reports information about
movement kinematics. Even through those interested in training have had this slightly different
motivation for conducing feedback research, the efforts converge with those of scientists
interested in intrinsic feedback properties to generate a field of study that examines artificially
produced feedback in practice, and how this feedback interacts with the processes of learning.

Numerous reviews of this literature have been conducted during the past few decades
(c.g., Adams, 1968, 1971, 1987; Bilodeau, 1966, 1969; Newell, 1974, 1977; Newell &
McGinnis, 1985; Salmoni, Schmidt, & Walter, 1984). This literature has been remarkably
consistent--almost to the point of being cliché--that during acquisition (i.e., a practice phase),
any manipulation of feedback that makes KR more frequent, more immediate, more accurate,
more vivid, or informationally useful enhances learning. This generalization has found its way
into most of the textbooks in the area, and has had a profound influence in numerous practical
settings, such as the organization of training in athletics, music, and the military, and in the
design of simulators. Under the belief that more feedback is always better for training,
considerable effort has been made to provide as much feedback for learners as possible. This
often results in considerable expense (e.g., as in simulators) to duplicate the kinds of
information seen in the actual criterion environment.

However, there is good reason to suspect that this generalization about feedback is at best
oversimplified, and at worst incorrect. The present report first summarizes the basis of this
argument, which was generated originally by our review and reanalysis of the KR literature
(Salmoni et al., 1984). This review revealed that certain variations of KR that were highly
effective for performance during practice were not very effective for various kinds of retention
tests, which we regard as being indicants of learning. More recently, we at UCLA (supported
by ARI) and several others have conducted a number of new experiments aimed at these issues
surrounding feedback and learning. Together, these data provide considerable difficulty for
earlier viewpoints about feedback's role in learning. This report describes these experiments,
and emphasizes the difficulties they provide for the earlier theories about feedback and learning.
At the same time, these data have suggested several features that seem to be required for a new
theory of feedback, and preliminaries to one such view of feedback are sketched here. And,
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application of these principles of feedback to ARI settings are suggested.

LEARNING VERSUS PERFORMANCE EFFECTS OF FEEDBACK

As mentioned in the previous section, the literature on KR and skill learning has been
strong in showing that, during practice when KR is present and being manipulated, increasing
the learner's capability to use feedback in various ways (through increased frequency,
precision, decreased latency, etc.) has had beneficial effects on skills, both enhancing
performance and increasing the rate of improvement during practice. The early reviewers
concluded on the basis of this evidence that these beneficial performance effects were due to
learning--usually defined as some underlying, relatively permanent capability for responding.
But this conclusion has ignored the possibility--first recognized long ago (Guthrie, 1952; Hull,
1943; Tolman, 1929)--that the changes in performance seen in practice are not necessarily due
to learning, but rather may be due to temporary, transient factors which could disappear as soon
as the variation in KR is removed. These factors are emphasized especially when performance
on a retention test is required, particularly if the task, or the conditions surrounding it, are
changed. In addition, both the relatively permanent (learning) and temporary (performance)
factors could be operating simultaneously to influence the performance levels observed in
acquisition.

According to Salmoni et al. (1984), a problem is that KR researchers, as well as the earlier
reviewers of their literature, have generally ignored this learning-performance distinction,
assuming that all of the changes seen in acquisition were based on relatively permanent changes
in some underlying capability to perform--what is usually termed leaming. That is, until
recently, no one considered the possibility that feedback in practice could have any other than
learning effects, due in large part to the influence that Thorndike's (1927) thinking about
feedback has had for researchers [but see Griffith (1931), McGuigan (1959), Trowbridge &
Cason (1932) for exceptions].

However, several aspects of feedback may exert their influence only temporarily. One is
the well-known motivating (or energizing) effects of feedback (Arps, 1920; Crawley, 1926;
Elwell & Grindley, 1938), where subjects who receive feedback exert more effort and report
more positive feelings toward the task than do subjects without feedback. Another factor--
which we emphasize in the present report--is the informational property of feedback (Elwell &
Grindley, 1938; Newell, 1974, 1977; Salmoni et al., 1984), in which feedback informs about
the magnitude and direction of error, and thus directs or guides the learner in terms of how to
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correct the error on the next trial. In this way, the subject gradually converges (or is guided)
toward the goal with practice. This informational property of feedback forms the basis of the
theoretical ideas to be discussed later here, in which the guiding effects of feedback produce
effective performance in practice when feedback is present, but may actually interfere with
processes necessary for more permanent task learning. Until recently, the learning and
performance effects of feedback in the earlier literature have generally been confounded.

However, there is more to the problem than the question of whether the effects of feedback
manipulations are permanent or not. Researchers have generally not considered the possibility
that, relative to some "standard" way of providing feedback, some other variation in feedback
which jmproves performance in acquisition may actually turn out to degrade performance in a
retention test. Evidence for this kind of reversal of effect for performance in practice versus
retention is provided here. These reversals are especially strong if the retention test involves
reduced feedback, as in many real-world training settings where feedback is degraded or
withdrawn when the skill is ultimately used. The claim is that this focus on performance (only)
in acquisition has systematically misled earlier researchers with respect to the variations in
feedback that are effective for learning, at least as learning is assessed on various kinds of
retention tests.

Salmoni et al. (1984) argued that, in order to unravel these performance versus learning
effects of feedback, various retention (or transfer) tests are needed, in which the feedback
conditions are equated. With equated conditions, the temporary factors associated with a
particular feedback manipulation are theoretically held constant, and any resulting differences in
performance will therefore be due to the variations in the feedback conditions experienced
earlier in the acquisition phase. Of particular interest was a retention test in which all subjects
are transferred from various feedback conditions in acquisition to a no-feedback condition. In
addition to meeting the requirement of providing equated feedback conditions for the retention
test, this kind of test was particularly desirable because it would minimize (a) continued
improvements in performance during the retention trials and (b) the trial-to-trial adjustments
typical of feedback conditions, giving a maximally stable basis for evaluating performance
differences. Of course, other kinds of retention tests (e.g., presenting feedback after each trial)
are possible, and may even be preferable to the tests without feedback that we advocated.

In our review of this feedback work (Salmoni et al., 1984), we were able to locate a few
investigations which have used no-feedback retention tests, and the findings were generally
quite surprising. In two lines of work, variations in feedback that degraded performance in
acquisition (relative to the "usual" condition with feedback after each trial) were shown to
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improve performance in a retention test performed without feedback. One variable was relative
frequency of feedback, or the proportion of trials during practice on which feedback is given
(Ho & Shea, 1978; Johnson, Wicks, & Ben-Sira 1981), where low (e.g., 10%) relative
frequencies of KR in acquisition degraded accuracy relative to a 100% condition, yet resulted in
markedly more accurate performance on a delayed retention test without feedback. Another
example involved summary KR, in which a summary of a set of trials (e.g., 20) was provided
only after that set of trials had been completed (Lavery, 1962; Lavery & Suddon, 1962).
During acquisition, summary KR degraded performance relative to a condition in which KR
was given after each trial; but on a delayed retention test without feedback, subjects who had
received summary KR performed more accurately than those who had received KR after each
trial. These results show that at least some variations of feedback which are beneficial for
performance in acquisition are detrimental to the development of a long-term capability to

perform.

GUIDANCE ANALOGY FOR FEEDBACK--A WORKING HYPOTHESIS

These early results suggested to Salmoni et al. that feedback's strong informational
properties could act in a way analogous to the functioning of guidance. In the guidance
literature (e.g., Annett, 1969; Armstrong, 1970; Holding, 1965, 1968), various ways of
preventing or minimizing errors are used during practice; examples include physically
restraining behavior, providing concurrent augmented information about errors, or giving
verbal or symbolic information about up-coming movements. Almost by definition, these
techniques are effective in improving performance (relative to a no-guidance control condition)
when they are present. But, the usual finding is that, when the relative amount learned is
evaluated via a retention test without guidance, a group previously guided in acquisition seldom
outperforms the no-guidance control condition, and is frequently poorer in performance (e.g.,
Annett, 1969). A common interpretation is that the guidance during acquisition in some way
encourages the development of a memory structure that employs the guidance cues as an
integral part of the representation; therefore, performance is poor in retention when guidance
cues are removed. A closely related interpretation is that the guidance cues have acted as a kind
of "crutch" during practice, allowing effective performance, but essentially preventing the
leamner from acquiring what is necessary for effective performance when the guidance cues are

removed.
Recognizing that the information properties of feedback fit reasonably well within a
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definition of guidance—in that it provides extra information about task performance that drives,
or guides, the leamner to the correct solution of the movement problem-—Salmoni et al. amplified
earlier suggestions (Annett, 1969; Holding, 1965, 1968; Lintern, 1980) that guidance-like
effects of feedback may also operate to degrade task learning under certain situations. That i,
while guiding the learner to the correct movement pattern is certainly an important aspect of
feedback's function for learning, this guidance from feedback could be overdone, allowing the
leamner to become dependent on it, and thus actually interfering with processes that would be
effective later, especially if feedback were degraded or no longer present. This kind of view
provided at least one way for us to understand how certain feedback manipulations that degrade
performance in practice (decreased relative frequency, summary KR) might be more effective
for learning--at least as learning is measured on various retention tests. The hypothesis was
relatively vague, however, about which processes were being degraded or facilitated by the
guidance-like effect of frequent feedback.

In the following sections, I outline the results of experiments conducted in our laboratory
over the past several years that were directed at this general theoretical idea. A number of new
insights into the functioning of feedback, and their potential applications to ARI training
settings, are revealed by these studies. These provided strong suggestions about some of the
underlying processes associated with feedback and learning, leading to a preliminary statement
of a theory for feedback described in a later section. Several of our paradigms in which these
questions have been studied are described next, and the major findings from this work bearing

on a guidance theory are outlined.

RELATIVE FREQUENCY OF FEEDBACK

One of our paradigms re-opened issues concerning the role of relative and absolute
frequency of feedback, begun some years ago by Bilodeau and Bilodeau (1958). Absolute
frequency refers to the number of trials in a sequence for which feedback is provided, whereas
relative frequency is the proportion of trials for which feedback is provided, or simply the
absolute frequency divided by the number of trials in acquisition. Such variables are
fundamental for defining the structure of feedback administration in learning settings, and they
have naturally received considerable experimental attention (see Salmoni et al., 1984, fora
review). But this variation of feedback has been interesting to our group because of the
potential relevance to the guidance hypothesis for feedback, which suggested that reduced
feedback could degrade performance in acquisition, but enhance learning.
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Early Evidence on Relative Frequency

Bilodeau and Bilodeau (1958) manipulated the relative frequency of feedback in simple
linear-positioning tasks, holding constant the number of feedback trials at 10 (i.., absolute
frequency), and varying the number of no-feedback trials between the feedback trials to produce
four groups with 10%, 25%, 33%, and 100% relative frequency. Whereas this procedure
allows the total number of practice trials to covary with relative frequency, it was at the time
easy to assume (with supporting evidence) that such simple tasks (blindfolded positioning) do
not profit from no-feedback practice (e.g., Bilodeau, Bilodeau, & Schumsky, 1959;
Trowbridge & Cason, 1932), and hence the no-feedback trials between the feedback trials were
assumed to be "neutral” with respect to the learning of these tasks; as we shall see, this
assumption has since proved incorrect.

Bilodeau and Bilodeau examined the performance accuracy on the trials immediately
following KR (every trial for a group with 100% relative frequency, every third trial for the
group with 33% relative frequency, etc.) during the acquisition phase (only), showing that the
performance in acquisition was almost identical for the four conditions. They argued that
absolute frequency was an important variable for learning, and that relative frequency was
irrelevant. However, no retention tests without feedback were used, so from our perspective it
was not clear as to whether these effects of relative frequency were relatively permanent or only
temporary in nature.

Johnson et al. (1981) and Ho and Shea (1978), also using simple linear positioning tasks,
extended Bilodeau and Bilodeau's (1958) findings by adding no-feedback retention tests. In
both experiments, absolute frequency was held constant at 10, and the relative frequency was
varied by altering the number of totals trials (and, hence, the number of no-feedback trials
provided between the feedback trials), essentially as Bilodeau and Bilodeau had done. When
the trials immediately following the feedback presentation were plotted, there were no
differences between groups as before. (This is, of course, tantamount to showing that
decreased relative frequency depressed performance in acquisition, because performance on, for
example, the 10th actual trial was systematically more accurate as the relative frequency
increased; see also Winstein & Schmidt, 1990.) However, in no-feedback transfer tests
conducted on a subsequent day, the 10% group retained its performance relatively well,
whereas the 100% group suffered considerable decrements. Generally, the performance error
on the retention tests was directly related to the relative frequency in acquisition, with the 100%
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conditions having greatest error, and the 10% conditions having the smallest. And, when
viewed across experiments (Ho & Shea vs. Johnson et al.), the differences between groups
appeared to increase as the length of the retention interval increased. Clearly, reducing relative
frequency (<100%) aided leaming and retention, contrary to the earlier findings viewed only in
the acquisition phase (e.g., Bilodeau & Bilodeau, 1958). These data raised the interesting
question of how relative frequency, generated by the addition of supposedly "neutral" no-
feedback trials during practice, could disrupt performance in acquisition, and yet increase
learning and retention.

However, as mentioned above, these later experiments confounded the amount of original
practice with relative frequency. One relatively uninteresting interpretation of these effects,
therefore, is that the groups with lower relative frequency simply had a larger number of
practice trials, and it is well known that practice, per se, influences learning and retention. Our
initial experiments in this area were designed to unravel the effects of practice and relative
frequency, using delayed no-feedback retention tests to evaluate the relatively permanent effects
of the feedback manipulations. Four experiments from our laboratory under the ARI project
have manipulations of relative frequency across relatively wide ranges, but with the total
number of practice trials held constant or at least controlled.

Ballistic-Timing Tas}

An initial study used relatively simple ballistic-timing tasks, in which the subject had to
learn to move a handle and slide in a three-segment action defined by visually presented target
zones (Schmidt & Shapiro, 1986, Experiment 1A). In these studies, the subjects attempted to
produce a spatially defined pattern, with the major requirement being that the total movement
time be as close to 1000 ms as possible. KR about the total movement time was given after
different proportions of the trials in acquisition, so that the relative frequency was manipulated
between groups while the number of trials was held constant. After an acquisition phase in
which relative frequency of feedback was manipulated, subjects received a retention test without
feedback after both 10 min and 24 hours, and these tests provided the evidence about the
relatively permanent effects of the relative frequency manipulations in the acquisition phase.

Here, two groups received relative frequencies of either 100% or 33%, with the total
number of trials being held constant at 102; there was also a 100% relative frequency condition

10
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with one-third the number of trials (i.c., 34), which provided a control for the number of
feedback trials presented in the 33% group. The absolute value of the subject’s constant error
(i.c., ICE|, a measure of directional error or response bias), decreased at a systematically slower
rate during the acquisition phase for the 33% condition as compared to the 100% groups, with
all groups converging by the end of the acquisition phase. However, there were no reliable
differences between groups in the retention tests, although there was a tendency for the 33%
condition to have slightly lower |CE|s on the delayed retention test. In any case, there was
certainly no evidence that reducing the relative frequency in the acquisition phase degraded
learning, at least as it is measured on these no-KR retention tests.

We were concerned about the simplicity of this task with relatively relaxed spatial
requirements, and examined these general questions in several more complicated movements.
One of these tasks had the subject learn a particular pattern of elbow movement with three
reversals that had to be completed in 800 ms, where the spatial-temporal pattern of reversals,
and the total movement time, were stated task goals. This pattern is shown in Figure 1. The
trace which ends at 800 ms is the goal action, and the subject's attempt to reproduce it (here, the
trace ending at 1000 ms) was provided as feedback on a computer terminal after selected trials
in the acquisition phase. Overall performance was measured by root-mean-squared (RMS)
error between the subject's movement and the template, computed over the 800 ms of the
template.

Figure 1 about here

In an early experiment in this series by Winstein (unpublished) using this task, a 100% KR
group and a 10% group were contrasted, where the latter was formed by randomly providing
10% of the trials in acquisition with feedback, so that the total number of practice trials was
constant. She found that the 10% condition was slightly depressed in performance during the
acquisition phase relative to the 100% condition, but that there was no reliable effect on a
subsequent retention test without feedback. In a subsequent study, Winstein (1988,
Experiment 1; Winstein & Schmidt, 1990, Experiment 1; see also Schmidt, Shapiro, Winstein,
Young, & Swinnen, 1987) used a 33% and a 100% relative frequency condition in acquisition.
When subjects were transferred to a retention test without feedback, there was a slight tendency
for the 33% group to perform more effectively than the 100% group, but the differences were
small and not statistically reliable.

11
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These initial experiments, although producing no reliable effects of the relative-frequency
conditions during acquisition on either immediate or delayed retention tests, provided a number
of interesting suggestions for future work. First, they showed that reducing the relative
frequency in acquisition was not necessarily detrimental for learning, as measured on a retention
test without feedback. At first glance, this seems to agree with the interpretations of the
Bilodeau and Bilodeau (1958) work, and with the notion prevalent in the earlier literature, that
relative frequency was not an important variable for motor leaming. But, unlike the Bilodeaus'
experiment, our experiments manipulated the relative frequency by holding the number of trials
constant, so that reduced relative frequencies were obtained by reducing the number of feedback
presentations (i.e., absolute frequency). Absolute frequency, according to the earlier views, is
all-important for acquisition, and its reduction should have drastic negative effects on learning.
In these studies, we found that, even when absolute frequency was reduced by as much as 90%
during acquisition, there were no reliable effects on performance in the retention tests.

This finding that reduced absolute frequency did not affect leaming not only alerted us to
the possibility that the empirical principles of absolute and relative frequency could be incorrect,
they also prompted initial speculation about a guidance hypothesis for feedback. Although the
evidence was far from strong, there was at least the possibility that lowered relative frequency
might operate by reducing the "crutch-like" guidance effects of feedback in acquisition,
requiring subjects to engage in additional information-processing activities, the learning from
which would benefit performance in retention. Thus, performance on the retention tests was a
joint function of two, opposite effects of low relative frequency: (a) a negative effect because
the learner has received less guidance in acquisition, and (b) a positive effect because this
reduced guidance has fostered other information processing activities which are beneficial in
retention. These two factors could have been more or less balancing each other in these

experiments.
Searching for an Optimal Relative Frequency for Feedback

A second set of experiments resembled the ones just discussed in several ways, but here
we searched for an optimal relative frequency for learning. If there are essentially two opposing
factors operating in the learning process as relative frequency is manipulated, then there should
be some optimal relative frequency for learning. Relative frequencies that are too small do not
provide sufficient guidance for the learner to approximate the proper movement pattem.
Relative frequencies that are too large (close to 100%) provide too much guidance, encouraging

12
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an over-reliance on feedback for trial-to-trial adjustments; this reliance on feedback prohibits
“extra" information processing activities that are essential for later performance on retention
tests. Supposedly, some intermediate value for relative frequency should provide just enough
guidance for accurate production of the proper movement patterning during the acquisition
phase, but not so much guidance a reliance on feedback is formed which effectively blocks
additional information processing activities. Of course, a traditional view of feedback which
posits no negative component associated with high relative frequencies in acquisition predicts
that the 100% relative frequency will be optimal. This basic difference in prediction between
traditional and guidance notions motivated several additional experiments.

Ballistic-Timing Tas]

One of our unpublished experiments broadened the range of relative frequencies used,
asking whether some optimal relative frequency could be found. This experiment used
essentially the same ballistic-timing task as that discussed above (Schmidt & Shapiro, 1986,
Experiment 1A), and manipulated the relative frequency at 100%, 25%, 33%, and 10% in
separate groups--the same relative frequencies as used in the carlier study by Bilodeau and
Bilodeau (1958)--and tested for learning on retention tests without feedback. Unlike the
Bilodeaus' study, though, the number of practice trials in acquisition was held constant across
groups, achieved by withholding feedback on different numbers of trials between trials with
feedback to produce the different relative-frequency conditions. Reducing relative frequency in
acquisition slowed the rate of |CE| reduction in the acquisition phase. However, in the tests of
relative amount learned, there were again no differences between groups, with relative
frequencies as low as 10% producing performance in retention that was as effective as that for
the 100% group, and the intermediate groups having similar performance levels. There was no
clear optimal value for relative frequency.

Again, we were concerned that the failure to find optimal relative frequencies could have
been related to the relative simplicity of the ballistic-timing task. This general experiment was
repeated, this time with the more demanding spatial-temporal patterning task described earlier
(see Figure 1). Relative frequencies were varied at 10%, 20%, 30%, 50%, and 100%, holding
the total number of trials in the acquisition phase constant. Whereas there was a tendency for
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the lower relative-frequency conditions to show somewhat slower rates of improvement in
acquisition, there was again only very small, unsystematic differences on the retention-test
performances. And, again, no optimal relative frequency was located.

The lack here, and in the simpler ballistic-timing task, of an optimal relative frequency
seemed at first glance to provide difficulties for a guidance hypothesis. However, we were
again impressed by the fact that even very low relative frequencies (i.c., only 10%) seemed to
result in as effective performance on retention as 100% conditions. We began to wonder about
the processes involved in practice that would allow so little feedback to produce such effective
performance in retention. And this observation, which was by then present in four experiments
with two tasks, ran clearly counter to traditional views of feedback which would expect the
100% conditions to be always most effective. Next, we examined the scheduling of the
feedback presentations that are predicted by the guidance hypothesis to be most effective in
acquisition in acquisition, which presumably maximize feedback's usefulness and minimize its
detrimental effects.

Faded Feedback

The guidance hypothesis predicts that the schedule of feedback delivery across practice will
be an important variable for learning. Specifically, the notion is that relative frequency should
be large in early practice when the subject is just acquiring the skill, especially when strong
guidance to the proper movement pattern would seem to be the learner's primary goal.
However, during later practice when this pattern has been reasonably well approximated, and
the learner's goal s to establish consistency, the problem is that the learner must not become
reliant on feedback, and it is here in later practice that the feedback should be gradually
withdrawn, or "faded" to use the term from the reinforcement literature. In terms of relative
frequency, the guidance hypothesis predicts that, for a constant number of trials in acquisition,
a gradual withdrawal from feedback in later practice--with a relative frequency across the entire
practice phase of less than 100%--should be more effective for learning than a condition with
100% relative frequency throughout. Thus, for particular schedules of feedback withdrawal,
the guidance hypothesis predicts that providing less feedback will be more effective for
learning. Standard viewpoints about learning, on the other hand, would predict the opposite, as
the major contribution to leamning under such views is the pumber of feedback trials received in
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acquisition, which is of course larger for the 100% condition.

In one of our experiments (see Winstein & Schmidt, 1990), we contrasted two groups, one
with 50% relative frequency and another with 100% relative frequency in acquisition. But here
the 50% relative frequency condition was different than in earlier studies in this series, in that
the relative frequency was 100% in early practice on each day, and was systematically faded
toward 0% toward the end of each day, such that the average relative frequency was 50%.
Specifically, the first portion of practice on each day had 22 KR trials, following which we
administered sets of eight no-KR trials separated by systematically shorter strings of KR trials.
These strings of KR trials were, respectively, 7, 4, 3, 2, and 2 trials in length, with the last two
KR trials being the final ones in acquisition for that day. This procedure was repeated exactly
on the second acquisition day. Thus, for the 50% group, the absolute frequency of KR was
96, while in the 100% group it was 192. The spatial-temporal patterning task, and the method
of delivering feedback via an overlay of the subject's performance with the goal on a computer
screen (see Figure 1) were as described earlier. Learning was measured on retention tests
without feedback, one given 5 min after the end of the second acquisition session, and another
24 hr later.

Figure 2 about here

The results of this study are provided in Figure 2. There was again relatively strong
improvement with practice for both conditions in acquisition, but there were nearly no
differences between groups on either day, with the 50%-fade condition showing slightly
(nonsignificantly) lower RMS errors than the 100% condition. It was somewhat surprising
that, even in acquisition when the guiding properties are thought to be strong, the group with
50% feedback performed at least as well as, and perhaps slightly more accurately than, the
100% group. The critical test of learning concerned performance on the retention tests. On the
5-min test, there was a slight tendency for the 50%-fade group to perform somewhat more
effectively, but this .6-RMS error difference was not statistically significant. However, for the
delayed retention test (24 hr), both groups had regressed considerably in performance relative to
their levels on the previous day, but the 100% group regressed considerably more than the
50%-fade group, and the difference between the two groups was now statistically reliable.
Thus, as measured on delayed retention tests without feedback, providing fewer KR trials in
acquisition, but administering them according to a "fading” procedure, produced improved
retention of this skill. And, this effect seemed to increase in size as the retention interval was
lengthened, suggested that the KR fading manipulation operated to retard forgetting. This
experiment clearly shows the relevance of relative frequency as variable in learning, contrary to
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the earlier conclusions of Bilodeau and Bilodeau (1958) that relative frequency was irrelevant.

However, in order to generate this effect, relative frequency had to be systematically
reduced across practice. This provides some support for our guidance hypothesis, which
predicts that high relative frequencies are important in early practice when the pattern is just
being acquired, but that feedback should be gradually withdrawn in later practice to prevent the
subject from becoming dependent on it. It is again interesting that this variable had almost no
effects during the acquisition phase, but had its major influence in preventing forgetting across
the 24-hr retention interval.

Adaptive Feedback Scheduling

This general idea of faded feedback, where information is given often in early practice
when the learner needs it most, and is gradually withheld later in practice when the learer
might become dependent on it, is somewhat similar to ideas about adaptive practice scheduling.
In this work with tracking tasks, the task difficulty is varied across practice as the subject
becomes more proficient (Gopher, Williges, & Williges, 1975; Williges & Williges, 1977).
After the learner gains proficiency on a simple version and performance scores are improved,
the task is made more difficult, which tends to decrease the subject's performance again and
presumably speeds progress to higher levels of proficiency. They key feature here is that the
task difficulty is altered as a function of the subject's performance, with some people
progressing rapidly according to their abilities and past experiences, and others progressing
more slowly.

This idea can be applied to the delivery of feedback as well. In early practice, when
performance is relatively ineffective, feedback is given often to bring the behavior toward the
goal. With continued feedback, performance improves to some criterion for that stage of
practice, and then feedback is gradually withheld. Performance should worsen again without
feedback, to the point that feedback should again be given to enhance performance. By
adjusting the criterion for providing and withdrawing feedback, one can design a practice
schedule that balances the need for the guiding properties of feedback against the potential
detrimental learning effects of frequent feedback. Many variations of this scheme could be
used, and empirical work should reveal a schedule that is generally effective for learning and
retention.

In one way, the fading schedule accomplishes this goal, but it is not strictly adaptive
because the schedule is set 2 priori, and the frequency of feedback is not sensitive to learners'
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individual proficiencies. But in the so-called "bandwidth-KR" paradigm (Lee, White, &
Carnahan, 1990; Sherwood, 1983, 1988) this requirement is achievcdz. In this method, the
rule for assignment of feedback is based on a band of correctness about the target. When the
learner's performance falls within the band, the leamer does not receive any additional
information, but he or she understands that the movement was within acceptable limits of
correctness (which is a kind of information feedback in itself). If the performance falls outside
the band, only then is feedback given. This kind of feedback schedule is, almost accidentally,
somewhat adaptive, because when errors become smaller as a natural consequence of practice in
acquisition, more and more of the trials fall within the band of correctness, and feedback is
faded across practice. And, the rate of this fading is sensitive to the learner's progress. As one
might imagine, this bandwidth procedure during acquisition produces more stable behavior than
every-trial KR (Sherwood, 1983), but with slightly larger constant errors, as if the subjects do
not correct the movements after those trials on which no errors are reported. But later,
Sherwood (1987) and Lee et al. (1990) showed that bandwidth feedback, compared to 100%
feedback, resulted in more effective retention performance when feedback was withdrawn, both
in terms of constant and variable errors. In addition to bolstering our other findings that
reduced feedback frequency can enhance retention, these data suggest that adaptive schedules of
feedback might become an important goal in structuring practical learning environments.

Specificity, or Similarity, Hypotheses

In several experiments, lowering the relative frequency in acquisition from 100% has led to
better retention without feedback. This is clearly counter to more “traditional” viewpoints about
feedback and learning (e.g., Adams, 1971; Bilodeau, 1966; Schmidt, 1975; Thorndike, 1927),
and supports of an alternative view that emphasizes the "crutch-like" guidance properties of
feedback. However, at least one other interpretation, for which considerable evidence exists,
can potentially account for these findings. According to these similarity--or specificity--
hypotheses (Henry, 1968; Tulving & Thomson, 1971), for a retention test under a given set of
conditions, that set of practice conditions that is most similar to the retention-test conditions will
maximize performance. Applied to our experiments, it is possible that the low relative
frequency conditions in acquisition, with strings of no-feedback trials separated by feedback
trials, are simply more similar to conditions in the no-feedback retention test than are the 100%
relative frequency conditions that have feedback after each trial. And, faded feedback (Winstein
& Schmidt, 1990) is most effective because the reduced relative frequency makes the faded
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condition somewhat more similar to the 100% condition when learning is measured on a no-
feedback retention test. In both cases, the task and the feedback inherent in it (including the
KR) are presumably learned as a kind of whole, and this Gestalt is then disrupted if anything
about the context (here, the feedback frequency) is altered at retention, favoring those subjects
who learned under identical conditions. If this hypothesis is correct, then it detracts
considerably from a rival guidance view, which claims that more is being learned when

feedback is withheld.
Relative Frequency Effects in Retention

One way to test this specificity view is to manipulate simultaneously the relative frequency
in the retention test and acquisition conditions. A specificity view predicts that, for a given set
of retention-test conditions, the acquisition conditions that most closely match them should be
most effective. That is, there might be no acquisition condition that is "best" for learning in
general, as different conditions might be more or less effective depending on the conditions
imposed in retention. On the other hand, the guidance view emphasizes that a particular
variation of feedback in acquisition should be most effective for learning, regardiess of the
retention-test conditions to which the subjects are transferred. That is, there should be no
interaction between the conditions in acquisition and the conditions in retention.

With this rationale, Winstein (1988, Experiment 1) manipulated the acquisition conditions
and the retention-test conditions in an experiment using the same spatial-temporal patterning
movement used in other experiments discussed here (Figures 1 and 2). There were two levels
of relative frequency in acquisition (100% and 33%), administered in two 99-trial sessions on
sequential days. Aftera 10-min retention interval on the second test day, she tested for learning
in four different retention conditions of 0% (no KR), 33%, 66%, and 100% relative frequency,
such that the two acquisition conditions were completely crossed with the retention-test
conditions. 4

During the acquisition (practice) periods on Days 1 and 2, there was a tendency for the
33% group to perform with slightly (not significantly) less error than the 100% group.
However, the major concern was performance on the retention tests, where average RMS error
for each of the eight retention-test conditions is summarized in Figure 3. Overall, larger relative
frequencies in the retention test produced reliably smaller RMS errors—mainly due to the
differences between the no-KR groups (0% relative frequency) and the remaining groups in
retention--supporting earlier data that KR is strongly guiding when it is present. Furthermore,
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considering the performance on the retention test of the two acquisition conditions (33% vs.
100%), there was an overall tendency (nonsignificant here) for the 33% condition to have
smaller errors in retention than the 100% conditions. This was again contrary to what one
would expect from the more "traditional" viewpoints about feedback and learning, and tends to
support other data here that less feedback can aid retention. These effects may have been
weakened by the fact that no long-term retention tests were used, as we have seen earlier here
that the effects of feedback variations in the acquisition phase are most prominent with longer
retention intervals (e.g., Figure 2).
Figure 3 about here

The most important finding, at least from the point of view of the specificity hypothesis,
was that there was no significant jnteraction between conditions in acquisition and the
conditions in retention. For each of the retention conditions, the 33% condition in acquisition
always had slightly less error in retention than the 100% condition. Under a specificity
hypothesis, one should expect to see that the 100% condition in acquisition was most effective
for the 100% condition in retention, but this difference was not present. This lack of an
interaction provided no support for a specificity view to account for the benefit of lowered
relative frequency in learning. Although the evidence is relatively weak and based on
nonsignificant results, the implication is that the low relative frequencies in the acquisition phase
produced effects which can be thought of as increased memory strength for this task, and that
its expression was generally insensitive to the retention conditions under which the task had to

be performed.
Fading Effects

With similar rationale to that just discussed, Winstein and Schmidt (1990) repeated the
experiment by Winstein (1988) on faded KR described previously (see Figure 2), but with a
few changes. The task and conditions in acquisition were exactly as before, with a 100% and a
50%-faded condition, but now the 24-hour retention test was conducted under 100% KR
conditions. (We did not give a 10-min test in this experiment.) A specificity view would
predict that the 100% group, with acquisition conditions exactly like those on the retention test,
would be more effective than the 50%-faded condition whose conditions were different in
acquisition and retention. The results are in Figure 4, where the two acquisition days are

shown on the left.

Figure 4 about here
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Again, there was a small advantage for the 50%-faded group carly on the second day,
similar to the effect seen in the earlier experiment (Figure 2), but the between-groups
differences were not reliable here. Even with half the feedback being provided, the 50%-fade
group performed as well as the 100% group in acquisition. However, on the delayed 100%
KR retention test, the S0%-faded group retained performance almost perfectly--similar to their
high level of retention between Days 1 and 2--whereas the 100% condition regressed 20% or
more in error. As a result, on this retention test the 50%-faded group was significantly more
accurate than the 100% group. This difference decreased somewhat across practice on the
retention test, but it was still present on the second block of 12 trials. Clearly, in spite of the
supposed advantage of the similarity in conditions between acquisition and retention for the
100% condition, the 50%-faded condition was still more effective for learning.

However, there may in fact be an effect of similarity after all, as the difference in favor of
the 50%-faded condition in Figure 2 (no-KR retention test, where the similarity effect worked
in favor of the 50%-faded group) was 2.1 RMS units; this difference was only 1.7 RMS units
in Figure 4, where the specificity effect worked in favor of the 100% group. These are
between-experiment effects, however, and so they must be viewed cautiously. But even if
taken seriously, the data suggest that the similarity effects are extremely small, at best.

No-KR Acquisition Conditi

Finally, the specificity view predicts a result which almost surely cannot hold. If the
conditions of retention have no feedback at all (0% relative frequency), then the most effective
condition in acquisition should be a no-KR condition. In tasks of the type discussed here,
where leamners cannot obtain information about their own errors without external feedback, no-
KR conditions generally show no improvement across trials (e.g., Bilodeau et al., 1959), and
very poor performance as measured on a no-KR retention test (Trowbridge & Cason, 1932).
Overall, then, while there may be a sense in which the similarity per se of the feedback
conditions in acquisition and retention are a factor in retention-test performance, there is clearly
a limit to such a similarity view in work with feedback (i.e., no-feedback acquisition
conditions). Clearly, a more comprehensive account of acquisition, one of which being the
guidance hypothesis that considers the processes involved in these low-relative-frequency
conditions, is necessary to account for the available facts.
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The Leaming of Generalized Motor Programs

We have also studied the effect of reduced feedback in a completely different paradigm that
examined the acquisition of glasses of actions, thought to be controlled by generalized motor
programs (Schmidt, 1988). Generalized motor program theory assumes that rapid movements
are produced with an invariant underlying temporal structure (its relative timing), and that
variations in total (overall) time can be produced by applying parameters to the movement at
execution, altering absolute time but maintaining the relative timing. This accounts for the well
known phenomenon that the overall speed of an action can be easily increased or decreased,
with the temporal structure remaining invariant (Schmidt, 1975, 1985; but see Gentner, 1987).
Novel actions with the same relative timing, but with "new" total times, are generated simply by
altering a single movement parameter. Tests of this view can be made by in transfer by
examining the accuracy of the relative timing structure, either on a previously practiced task
version or on a novel version with a different overall time.

Wulf and Schmidt (1989) used this paradigm in an attempt to extend the reduced-relative
frequency effects to the leamning of classes of actions. If reducing relative frequency aids
learning of single tasks as I have discussed in the previous sections, then reducing the relative
frequency applied to a group of movements with the same relative timing should increase the
learning of the relative timing structure that underlies all of its members. Subjects practiced arm
movements to three target-buttons, such that the goal durations of the three segments were in
the ratio of 2:4:3, defining the relative timing of the task-class. Feedback was given as errors in
the actual segment durations in milliseconds. There were three versions of this task with
different overall times (400, 500, and 600 ms in duration), but all of these versions had the
same relative timing (2:4:3).

In one experiment, we manipulated the relative frequency of feedback, with one group
having feedback on only two-thirds of the trials (divided equally among the three versions); this
relative frequency was faded across practice from 100% at the beginning of practice to 50% at
the end, for an average relative frequency of 67%. Another condition had feedback on every
trial. In immediate and delayed transfer tests without KR, we tested performance on a task
where the overall time was novel, but where the relative timing was the same as in acquisition.
In Figure 5 are the errors in relative timing for this transfer test, where it is clear that the 67%
group had far more accurate temporal structures on this novel transfer test than the 100% group.
Reducing relative frequency aided the underlying temporal structure of a class of tasks, as
shown on a novel version not practiced earlier.
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Eigure 5 about here

In a second experiment, Wulf and Schmidt (1989) used the same paradigm again. This
time one group never received feedback for the task version with the intermediate overall
movement time, with the other two versions receiving 100% feedback, so that the overall
relative frequency was 67%. A second group received feedback after every trial. We tested for
retention of the task version with the intermediate overall movement time, again with the same
relative timing. Note that, in acquisition the 67% group never had feedback on this version,
and the 100% group always did, and retention was based on performance in this version.
Figure 6 shows the relative timing errors for this intermediate version in acquisition and in
retention. During acquisition, the 100% group had more accurate performance on this version
than the 67% group, showing the guidance-like properties of feedback for performance when it
is present. However, this 67% group, without any feedback on the intermediate version, still
improved considerably across practice. In no-KR retention, the 67% group was much more
accurate in relative timing on this intermediate version, even though subjects had never received
any feedback about this version in acquisition.

Figure 6 about here

Overall, these experiments show that the idea of reduced relative frequency to aid learning
of single tasks can be extended to the acquisition of a class of tasks. These data show that
reducing relative frequency--whether this reduction be applied to all of the members of the class
or to only a single one of them--aids learning of the underlying structure of the entire class.
Thus, when retention is tested, either to a version practiced earlier, or to a novel version, the
underlying temporal structure is more stable and accurate for the subjects who received less
feedback in acquisition. In addition, these data contribute strongly to the already convincing set
of experiments supporting the existence of generalized motor programs with invariant relative
timing, and provide new direction to the area by showing that relative timing can be learned
more effectively by reducing feedback (see also Heuer & Schmidt, 1988).

Overview of Relative Frequency Effects

These studies have unraveled the effects of amount of practice and relative frequency which
were confounded in the earlier studies (e.g., Bilodeau & Bilodeau, 1958; Ho & Shea, 1978;
Johnson et al., 1981), allowing the role of relative frequency to be viewed over and above the
effects of practice trials per se. Reduced relative frequencies—sometimes as low as 20%--
produced at least the same learning (measured by retention-test performance) as 100% relative
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frequency. Although these are null effects, they are nevertheless quite surprising, as virtually
every theory of movement learning that deals at all with feedback as a variable predicts that
fewer KRs should degrade performance and learning (c.g., Adams, 1971; Bilodeau, 1966;
Schmidt, 1975; Thorndike, 1927). Of course, in these experiments, relative frequency and
absolute frequency have been confounded, with the total number of trials being held constant.
However, this confound actually makes these experiments somewhat more powerful, as
traditional views predict the opposite effect of absolute frequency. And, we show that fewer
KR presentations--but when presented in a faded paradigm where relative frequency is
systematically decreased across practice—produced more learning than 100% KR. Finally, the
data cannot be explained by a specificity view, because the advantage of reduced relative
frequency was present regardless of the feedback conditions in retention.

Several competing processes seem to occur in relative-frequency manipulations. First,
there is a detrimental effect of lowered relative frequency because subjects need feedback to
achieve the proper patterns in these tasks, and to maintain them in later practice. But, at the
same time, we conceptualize a beneficial effect of lowered relative frequency, as it prevents a
dependency on the guiding properties of KR, and may force the learner into information-
processing modes which encourage the development of independent capabilities to perform.
Presumably, these two opposing sets of processes more or less balance each other when
relative frequency is manipulated. But, when feedback is reduced and faded, the detrimental
effects of reduced information are overshadowed by the beneficial effect of a decreased reliance
on feedback in later practice, and the faded conditions are superior for learning.

SUMMARY KR

Over two decades ago, Lavery (1962) investigated leamning in a paradigm in which the
errors on each of a set of trials (¢.g., 20) were placed on a graph shown to the learner only after
the last trial in the set had been completed. In this method (termed summary KR3), various
trials intervened between a given trial and the feedback that the subject received about it via the
graph (except for the last trial in the set, of course). This method resembles in some ways the
so-called trials-delay procedure studied by Bilodeau (1956; Lavery & Suddon, 1962), in which
feedback about each trial is presented after a given number of other trials, so that a fixed number
of trials intervene between a given trial and its feedback. In both methods, feedback seems to
be very difficult to use because of the temporal separation of a given trial and its KR, coupled
with the potential confusion of information about a given trial with the performance of some
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other. Indeed, relative to the more usual provision of feedback after each trial, summary KR
and trials-delay procedures are both strongly detrimental for performance during acquisition
when feedback is present, both slowing the "rate” of acquisition and degrading performance at
the asymptote.

Lavery's Experiments on Summary KR

From the learning-performance perspective (Salmoni et al., 1984), these variables should
be examined on some form or retention test in order to reveal any differential effects on
learning. This was done in Lavery's (1962, 1964) pioneering work, and the results [which
were largely ignored at the time--see Bilodeau's (1966) review] have provided considerable
direction to our own work almost three decades later. Lavery (1962) used three conditions in
the acquisition of simple motor tasks: (a) Summary KR presented after a set of 20 trials; (b)
Immediate KR presented after each trial; and (c) Both, where the summary was given in
addition to the immediate KR. The average percentage correct measures in acquisition and
retention are shown in Figure 7. In the acquisition phase, summary KR degraded performance
with respect to the Immediate and Both conditions. But in no-feedback retention tests on Days
7-10, the Summary group retained their performance level essentially perfectly, whereas the
Immediate and Both groups suffered considerable retention losses, to the point that the
Summary group was more accurate than Immediate and Both. That is, relative to the Immediate
and Both conditions, Summary KR caused decrements in performance in acquisition, but
increased learning, at least as it is measured on the delayed retention tests without feedback.
These findings, as well as findings from several other paradigms, figured strongly in our
guidance hypothesis. Summary KR, lacking strong guiding properties, might be much less
effective for performance in acquisition, but it would prevent dependency-like effects, leading
to more learning as evidenced when feedback is removed in a retention test.

Figure 7 about here

One might be tempted to ask why summary KR is so effective for retention. However,
another examination of Figure 7 reveals that summary KR might not be so effective, but rather
that every-trial feedback is detrimental for learning. This view is supported by contrasts with
the Both condition. If summary KR were contributing some information over and above every-
trial feedback (information about error trends over the 20 trials summarized, for example), then
the Both condition, which also had this information, should also benefit from it in the same
way. But notice that the Both condition performed similarly to the Immediate condition in both
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acquisition and retention, as if the every-trial KR's powerful guiding properties—-and the
simultaneous detrimental learning processes--had dominated. To us, this was one of the most
provocative effects in Lavery's experiment. Certainly, the proposal that every-trial feedback
could be detrimental to learning was a radical proposal given the standard viewpoints about
feedback and learning.

Motivated by Lavery's important (though largely ignored) discoveries, we examined these
effects further using more complex tasks, more practice, and with some alterations in
experimental design. We began to search for an optimal number of trials to be described in the
summary KR reports, here termed the summary-KR Jength. According to the guidance
hypothesis, summary KRs that are too short are detrimental to learning because they provide
too much guidance and may block important information processing activities. Summary KRs
that are too long encourage processing of movement information, but do not provide sufficient
direction for the reduction of error. Thus, the guidance hypothesis predicts an optimal
summary-KR length, where the negative and positive effects of KR are balanced. We
manipulated the summary-KR lengths in acquisition across a wide range, hopefully to reveal
this optimal summary length for learning.

Searching for an Optimal Summary-KR Length
Ballistic-Timing Task

Schmidt, Young, Swinnen, and Shapiro (1989) used a variation of a ballistic-timing task,
in which the subject moved a slide along a trackway, making two reversals at target zones, s0
that the overall movement time (MT) was as close to 1000 ms as possible. Four groups of
subjects received summary reports of either 1 (essentially immediate KR), 5, 10, or 15 trials
throughout an acquisition phase of 90 trials. After each trial, the experimenter plotted the
subject's movement time constant error (with respect to sign, €.g., -124 ms) for that trial on a
graph of performance against trials. This graph was shown to subjects only after completion of
the appropriate number of trials for that summary-KR condition. Previous summary reports
were erased, so that only the most recent one was available. Except for the 1-trial summaries,
the data points were connected by line segments. No verbal KR was ever given. Retention
tests without KR were given after 10 min or 2 days.

The averaged absolute constant errors, [CE|, for each of the treatment groups over blocks
of 10 trials in acquisition and retention are shown in Figure 8. In acquisition, increasing the
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summary length from one to 15 trials systematically increased errors in acquisition, evidenced
both as a somewhat larger asymptote near the end of practice and as a slower "rate" of
improvement across blocks. It is clear that summary KR interfered with performance during
the learning of these simple motor tasks. In the 10-min retention test, there were no important
differences between groups. But in the 2-day retention test, all groups (with the possible
exception of the 15-trial group) showed some retention loss across retention interval.
However, the 1-trial condition appeared to increase their errors the most, followed in order by
the 5-, 10-, and 15-trial conditions, to the point that there was a strong inverse relationship
between the summary length in acquisition and errors in delayed retention. No effects were
shown with variable errors, VE, and thus the major effects of summary KR were in terms of
response biasing. The ordering of groups for retention was, of course, just opposite to that
shown during the acquisition phase when KR was being manipulated.
Figure 8 about here

These data showed that summary KR was a variable that depressed performance in direct
relation to the summary KR length in acquisition, but appeared to enhance learning as measured
on a delayed retention test. This repeats Lavery's general observation very well-but for
different summary lengths in a somewhat more complex movement task--and extends Lavery's
findings by showing this positive relationship between summary length in acquisition and
performance capabilities in delayed no-KR retention. The benefit of the longer summary-KR
conditions in acquisition appeared to be in terms of less drift away from the target time, as if the
subjects in the shorter summary-KR conditions had lost the capability to detect their own errors.
However, we clearly failed to find an optimal summary-KR length for this task; such an
optimum, if it exists, lies at or beyond the 15-trial summaries used here, perhaps nearer the 20-
trial summaries Lavery used.

Coincident-Timing Task

In a subsequent experiment (Schmidt, Lange, & Young, 1990), we continued to search for
an optimal summary KR length as predicted by the guidance hypothesis. We reasoned that an
optimum might not have been found in the previous study because of the relative simplicity of
the task, where relatively long summaries provided sufficient information to correct errors in
movement patterning in the early stages of practice. However, such long summaries seemed
less likely to be effective for more complex tasks, where presumably more feedback would be
required to generate the appropriate movement patterns, and with less likelihood of subjects
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becoming dependent on it. This experiment used the same design as the previous one, with
summary lengths of 1 (essentially KR after each trial), 5, 10, and 15 trials during a 90-trial
acquisition phase, and no-KR retention tests after 10 min and two days. However, we used a
considerably more complex coincident-timing task described earlier (see Schmidt & Young,
1991,'for a more complete description). Subjects intercepted a simulated moving object with a
hand-operated lever with a back- and forward-swing movement, more or less like hitting a ball
with a bat, maximizing a score which was analogous to the distance that the ball would have
been propelled. KR was provided as a plot of the score against the trials in the set described by
the summary, and was presented to the subject after the set was completed. No verbal KR, nor
information about the components of the score (velocity and spatial error), were ever given.
Figure 9 about here

Figure 9 contains the overall performance scores, averaged across blocks of 15 trials in the
acquisition phase and retention phases. In acquisition, increased summary-KR lengths
generally interfered with performance, with the groups being ordered uniformly according to
summary length across the entire acquisition phase. However, this trend was altered in the
retention tests, with the 5-trial condition performing slightly more effectively than the 1-trial
condition, both of which far outperformed the 10- and 15-trial conditions. This inverted-U
effect was largely determined by the 5-trial condition having larger velocities, with all groups
having essentially the same spatial errors (both CEs and VEs). Thus, with this task, which is
arguably somewhat more "complex" than the ballistic-timing task in the previous cxpetimnt4,
we provide evidence for an inverted-U effect of summary-KR length for learning, with the
optimum being shorter than for the "simpler” task in Figure 8.

Evaluation of Subjective-Estimation Capabilifi

We had suspected that the enhanced leaming of various summary-KR conditions occurred
because the summaries encouraged the development of stronger error-detection capabilities
(Salmoni et al., 1984). The argument is that frequent feedback discourages evaluation of
response-produced feedback, and less effective learning of the capabilities for error detection.
This hypothesis was studied in the experiment just mentioned (Schmidt et al., 1990,
Experiment 1) by giving an additional transfer test after the final retention test on Day 2. In this
test, which was not announced until just before it began, subjects were asked to perform an
additional 30 no-KR trials as before, but in addition to estimate their score after each trial. We
measured the subjects’ accuracy in subjective estimation via the within-subject correlation
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(across all 30 trials, converted to Z) between objective (actual) and subjective (estimated)
scores, which should be sensitive to subjects' capability to detect their own errors (e.g.,
Schmidt & White, 1972). The highest correlation between objective and subjective errors was
for the 5-trial summary condition (.43), followed by the 1-, 10-, and 15-trial conditions in that
order (.34, .24, and .21, respectively), indicating that the 5-trial subjects tended to be
somewhat more sensitive to their own errors than the others. These correlations were all
relatively low, however (as compared to correlations of .90 or more in Schmidt & White,
1972), indicating that none of the groups had developed particularly sensitive error-detection
capacities.

We also measured the mean absolute difference between objective and subjective error
(e.g., Newell, 1974) as a second estimate of error-detection accuracy. This measure also
showed the 5-trial condition to be most accurate (159 score units), followed again by the 1-, 10-
and 15-trial conditions (182, 236, and 279 score units). Overall, although the evidence was not
particularly strong, there was some support for the notion that the summary-KR conditions
generated differential capabilities for subjects to detect their own errors without KR, as the 5-
trial summary condition was not only the most effective in overall performance, but tended to
have stronger estimated error-detection capabilities as well.

Specificity. or Similarity, Eff

We have interpreted these experiments as showing enhanced learning generated by the
strings of no-KR trials before the summary is provided. However, these effects can be at least
potentially explained by the notion that the conditions with longer summaries were more similar
to the no-KR retention tests than was the 1-trial summary condition, so that improved no-KR
retention performance may only be a function of the degree of match between the acquisition
and retention conditions. This view is contradicted by the data in Figure 9, in that a specificity
view would predict that the 10- and 15-trial summary-KR conditions should have been the most
effective for no-KR retention, while we see that these conditions are very ineffective indeed.
Nevertheless, we (Schmidt et al., 1990) tested this view more formally in an experiment using
the coincident-timing task, with the 1-trial and 5-trial summary conditions being used in
acquisition, but where the 24-hour retention-test conditions had KR after each trial (i.c., the 1-
trial condition). Here, the specificity view predicts that, compared to the 5-trial summary
condition which was nearly optimal in the previous experiment (Figure 9), the 1-trial summary
condition in acquisition should be more effective for the 1-trial summary retention test.
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Figure 10 about here

The average scores for the two groups in acquisition and retention are shown in Figure 10.
As before (Figure 9), relative to the 1-trial condition the 5-trial summary condition appeared to
depress performance slightly during acquisition. In the 30-trial retention test (with 1-trial
summary KR), overall the 5-trial condition had slightly higher scores than the 1-trial condition,
but these differences were not reliable. This provided no support for the prediction from the
specificity view that the 1-trial condition should be most effective here. However, when the 30-
trial retention test performance was separated into three blocks of 10 trials, an interesting
interaction between acquisition conditions and blocks emerged. In Figure 10 the two groups
were not significantly different on the first block of trials. But by the third block, the 5-trial
group increased performance markedly, whereas the 1-trial condition showed no improvement
at all, to the point that the 5-trial group was more effective by the end of the retention test. One
interpretation is that the 5-trial condition in acquisition generated an increased capability to use
KR to improve performance or to continue learning when KR was subsequently presented in
the retention test. These learning effects are somewhat different than the usual ones we see,
where the benefits of some condition in acquisition are immediately noticed when conditions are
equated in a delayed retention test. In this case, the effects resembled "latent learning” effects
seen in verbal learning paradigms, where benefits are not seen until some additional experience
has been received. These notions are very speculative at present, and deserve additional
attention. Whatever the cause of these effects, this experiment provides no support for the
specificity view.

'KINEMATIC FEEDBACK

A major concern for many is that KR--defined as information about the achievement of
some environmental goal (¢.g., whether or not a target was struck)--is not usually the type of
feedback used by teachers in music, instructors in the military, or coaches in sport. The
problem is that the KR in many real-world tasks is essentially redundant with the intrinsic (i.e.,
inherent) feedback the learner receives under the usual conditions of performing the action.
Thus, if a gymnast produced an error, one would be surprised to hear "You fell on your back
that time" as KR, as this information is probably obvious. Rather, what learners seem to
require is information about the pattern of action that led to the error so that the movement can
be corrected on the next try, such as "You tucked too soon that time.” This form of information
about movement patterns has been termed knowledge of performance (KP; Gentile, 1972), but
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I use the more descriptive term "kinematic feedback™ here.

Young's (1988; Young & Schmidt, 1991) experiments suggest that some of the principles
of relative frequency, discussed in the previous sections, may be generalized to include
kinematic feedback. He used the coincident-timing task discussed earlier, a relatively
“complex" laboratory analog of hitting a moving ball with a bat (see also Young & Schmidt,
1990), and gave all subjects KR about the achievement of the movement's goal (i.e., the score,
or how far the object traveled in the analogy) on every trial in acquisition and retention.
However, during the acquisition phase, four treatment groups were given additional
information about various aspects of their movement patterns (kinematic feedback), with a fifth
group receiving only KR. Here, the kinematic information referred to the amplitude of the
backswing in relation to a goal position of 1650 (this position had been shown in our previous
work to produce the most effective performance). In the analogy with real-world tasks,
receiving KR on every trial is similar to being able to see, ina batting task, how far the ball
traveled, whereas kinematic feedback is information that might be supplied by a coach about
some aspects of the movement patterning.

Average and Faded Kinematic Feedback

Several forms of this kinematic feedback were given in Young's Experiment 2. One group
received this information after each trial during acquisition (Single-Trial). Two other groups
received average kinematic feedback, where information about the average backswing position,
computed over the previous five trials, was given after each five-trial set in acquisition, and no
information about any one particular trial was given. One of these conditions (Average) had
feedback uniformly after every five trials, whereas another condition (Average-Fade) had these
average-feedback reports faded during acquisition by increasing the number of no-kinematic-
feedback trials between reports in the later stages of practice, much as we did in the relative
frequency paradigm discussed earlier. Then, all subjects received a retention test without
kinematic feedback, but where KR (about movement outcome) continued to be given after every
trial.

This experiment not only extends the study of KR variables to kinematic feedback
paradigms, but it also provides a basis for additional tests of the guidance hypothesis mentioned
earlier. That is, with trials held constant, subjects in the Single-Trial condition received
kinematic feedback on each of 200 acquisition trials, whereas the Average condition received
only one-fifth the number of feedback reports (40), and the Average-Fade condition received
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half that number (i.e., 20) across practice. We asked whether providing fewer kinematic
feedback reports would benefit learning in a way analogous to the reduced KR frequency in our
other experiments reported earlier here (Winstein, 1988; Winstein & Schmidt, 1990).
Therefore, this experiment asked whether the guidance hypothesis might also apply to kinematic
feedback. .
The average performance for these three groups is shown in Figure 11. During
acquisition, performances for these conditions diverged after the 100th trial, with the Average
and Average-Fade conditions performing more effectively than the Single-Trial group. These
effects persisted, and even increased slightly, into a 1-day and a 1-week retention test. Thus,
the Average group, with far fewer feedback reports than the Single-Trial group, learned more as
measured on the retention test. And, the Average-Fade condition, with only half the feedback
reports as the Average condition, showed almost identical learning, and even some tendency to
perform and learn more effectively. This is perhaps more remarkable when one realizes that the
period of practice over which the kinematic feedback was reduced most strongly (i.c., Blocks
6-10) was that in which the Average-Fade condition performed the most effectively.
Figure 1] about here

Overall, these data suggest that giving information as averages of the previous group of
five trials was better for learning than providing it after every trial. One variable operating here
is the amount of feedback provided, the Average conditions having far fewer feedback reports
as compared to the Single-Trial condition. It is therefore tempting to suggest that this might be
in part a relative-frequency effect. This interpretation is also appropriate to the summary-
feedback effects discussed earlier, where summaries of the previous trials after a block of trials
(but where each of the trials was described) were more effective for learning than providing
feedback after each trial.

However, it is also possible that the summary feedback operates by modifying both the
information received and the structure of the practice trials. The summary graph gives
information about the average level of proficiency after the block has been completed (as well as
other kinds of information, such as variability, trends of improvement, etc.). This form of
information may tend to stabilize performance, as the averaged feedback is a more stable
measure of patterning than feedback about any one trial would be. Also, summary feedback
necessarily involves strings of performance trials without feedback, which also tends to
minimize corrections and stabilize performance relative to giving feedback after every trial. This
less frequent feedback could reduce the learner's tendency to modify the movement
unnecessarily, and thus generate more stable performance when feedback is eventually
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withdrawn. This work provides an interesting link between the KR research and the newer
thinking on kinematic feedback, but much needs to be done to resolve these various
uncertainties about how summary feedback operates.

The lack of fading effects in this experiment tends to suggest that the KR and kinematic-
feedback principles might be somewhat different, as the analogous effects in KR (Winstein &
Schmidt, 1990; see Figures 2 and 4) were very powerful. Several explanations are possible.
First, the tasks used are different, with the KR work being done with the spatial-temporal
patterning task, and the kinematic feedback work being done with the coincident-timing task;
thus, there are many variables that are not controlled between these two experiments. Even
with the KR work, though, some of our recent studies suggest that the fading effect tends to be
dominated by the effect of reduced relative frequency (Nicholson & Schmidt, 1991, Experiment
1), although there does tend to be a real, but small, advantage for fading schedules even when
the relative frequency is held constant (Nicholson & Schmidt, 1991, Experiment 2). In
addition, it is possible that the 5-trial Average kinematic feedback was nearly optimal for
learning this task—just as the 5-trial summary KR was nearly optimal for learning in this task
(Schmidt et al., 1990; see Figure 9)--perhaps leaving little opportunity for further improvement
when this averaged kinematic feedback was then faded. Despite these doubts, there is certainly
no evidence that the faded condition was worse for learning, and some suggestion that it was
more effective, even though this condition had half the number of feedback reports as the
Average condition received. This fading variable needs additional work before we can be
certain about the role of fading in kinematic feedback paradigms.

Further Evidence Against the Specificity View

This kinematic feedback work provides additional evidence against the specificity (or
similarity) hypothesis discussed earlier. Young's (1988) Experiment 1 contrasted several
groups, two of which received KR after every trial in acquiéition and retention. However, one
group (Average) also received kinematic feedback about average backswing position after each
5-trial block (identical to the Average condition just discussed in conjunction with Figure 11),
while the other condition received no added kinematic information (the KR-only group). After
acquisition, all subjects were tested for learning on a retention test without kinematic
information, where KR was always provided after each trial. Thus, the KR-only condition had
identical feedback conditions in acquisition and retention, while the Average condition had
kinematic feedback in acquisition but not in retention. The Average condition performed
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considerably more effectively in retention than the KR-only condition, which was opposite to
the expectations of a specificity view.

EMPIRICAL PRINCIPLES OF FEEDBACK

These results reinforce the desirability of a general learning-performance distinction
(Salmoni et al., 1984) for the study of feedback, in that the performance levels seen at the end
of an acquisition phase with feedback present are not necessarily indicative of performance
capabilities of the subjects. Temporary effects associated with the presence of feedback
enhance performance while feedback is present, but performance is altered markedly when
these temporary factors are removed (on delayed no-KR retention tests), shown by often drastic
reordering of the treatment conditions relative to acquisition. Clearly, the most effective
performance conditions for learning are not necessarily those which produce the most effective
performance in practice.

A common theme in the work reported here is that feedback that is in one way or another
made less "useful” to subjects for trial-to-trial adjustment seems to degrade performance during
the acquisition phase, but to enhance learning as measured on several different kinds of
retention tests. We have seen this with summary feedback, where more trials included in the
summary reduces the learner's capabilities to use it to modify behavior. Also, reducing
frequency of KR (and kinematic feedback) gives the leamer less information during practice that
can be used for modifying the next attempt(s). Average kinematic feedback does not give
information for a string of trials, also providing less information for adjustment. Usually, this
results in decrements in performance relative to every-trial feedback (an exception is average
KP, which benefits performance). Yet the fact that all of these variables generally enhance
performance in retention raise serious challenges to the usually accepted statements of the
empirical principles of feedback (e.g., Adams, 1971; Bilodeau, 1966; Newell, 1977) and to the
theories and conceptualizations of feedback that are dependent on these empirical principles as
facts to be explained (e.g., Adams, 1971; Schmidt, 1975; Thorndike, 1927).

Traditional viewpoints about the functioning of feedback for learning have a difficult time
with these findings. All of these existing viewpoints emphasize that, for learning to be
maximized, the learner should be able to associate, link, or otherwise connect the production of
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a given movement with its outcome in terms of meeting the environmental goal (expressed as

KR). How these processes are conceptualized, and how feedback is thought to operate, differ
markedly in the various accounts of learning, of course. For example, feedback has been said

to produce learning by guiding the learner to the target behavior (e.g., Adams, 1971; Schmidt,
1975), by strengthening the bonds between the stimulus conditions and the goal response
(Thorndike, 1927), or by increasing the capability to define input-output rules about limb
control (¢.g., schemas, see Schmidt, 1975). All of these views predict that making feedback
more frequent, more precise, more immediate, and more informational will enhance learning.
And, all of these views suggest that trials without feedback are either "neutral” for learning
(e.g., Schmidt, 1975; Thorndike, 1927), and/or provide decrements in the capability for
responding (e.g., Adams, 1971). Both of these general predictions are contradicted by the
results presented here, in that conditions which make KR more "difficult" to use, or which
withhold KR on a portion of trials, seem to increase--not decrease--retention capabilities.

Given this common feature in the various styles of explanation of how feedback functions
for learning, the most important question coming from the work presented here is this: How
can learners receiving less feedback, and/or feedback that is in various ways "difficult” to use
informationally, learn more than subjects with clear error information after each trial? The
reminder of this report is devoted to preliminaries to a theory of feedback that attempts to
explain some of these empirical effects.

Soecificity. or Similarity, Theor

One viewpoint that can account for at least some of our data here is the specificity view,
which claims that the reduced "usefulness" of feedback in acquisition simply mimics the no-
feedback retention tests often used. If so, there should be little surprise that acquisition
conditions which match the test conditions should be most effective. However, in various
places in this report, evidence against this view has been presented, and it is summarized briefly
here. .

In the relative frequency paradigms, we have found that, even if the retention test is
conducted under conditions with feedback after each trial, reduced relative frequency (with
fading) still produced more effective performance at retention than 100% feedback (Winstein,
1988; Winstein & Schmidt, 1990). Also, the relative frequency in acquisition does not interact
with the relative frequency in the retention test, which would be expected by a specificity view.
In the experiments on summary feedback, the acquisition groups with 10- and 15-trial
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summaries should have performed better than the 5-trial summary groups on a no-feedback
retention test, and yet the reverse effect was found (Schmidt et al., 1989, 1990). When
subjects were transferred to one-trial summary conditions in retention, a 5-trial condition in
acquisition was certainly no worse than, and tended to be better than, the 1-trial summary
condition in acquisition; this was the case even with the retention test under 1-trial summary
conditions (Schmidt et al., 1990). And, in the kinematic feedback paradigm, Young (1988;
Young & Schmidt, 1991) found that the average condition (plus KR) was more effective for a
KR-only retention test than a KR-only condition in acquisition, the latter having identical
conditions in acquisition and retention. Finally, one clear prediction from a specificity view is
that no feedback at all will be most effective for learning if learning is measured on a no-
feedback retention test; this prediction is violated in several experiments here and elsewhere
(c.g., Bilodeau et al., 1959; Trowbridge & Cason, 1932).

| Also, the specificity hypothesis appears not to be supported in other paradigms. For
example, blocked as opposed to random practice of a set of tasks is more effective for
performance in acquisition, but is less effective for performance on delayed retention tests—-
regardless of whether the retention test is under blocked or random conditions [Lee &
Carnahan, 1990; Shea & Morgan, 1979; see Lee (1988) or Magill & Hall (1990) for reviews].
Also, practicing a set of variations of a given task, as opposed to constant practice on one
variation, is more effective for performance on a novel variant of this same task, regardless of
whether the retention test is under variable or constant conditions (e.g., Shapiro & Schmidt,
1982). Similar findings are available in the verbal/cognitive domain as well (Bransford,
Franks, Morris, & Stein, 1979; see Schmidt & Bjork, in press, for a review).

Overall, there may be some sense in which the similarity per se of the conditions in
acquisition and retention is a factor in retention performance, but a specificity (or similarity)
hypothesis holding that it is the primary factor cannot be taken seriously in view of the evidence
presented here. Clearly, other ways to account for these effects need to be considered. In the
next sections, new concepts underlying the use of feedback in practice and retention are
outlined, and the evidence supporting them is given. These ideas form the foundations for a
new theory of feedback use that has grown from the guidance hypothesis.

PRELIMINARIES TO A GUIDANCE THEORY FOR FEEDBACK

The guidance hypothesis, initial suggestions for which were given in preliminary form by
Annett (1969), Holding (1965, 1968), and Lintern (1980), is a two-factor theory of feedback
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use. First, a "positive” factor concerns the informational contribution that drives behavior
toward its goal. Second, several "negative" decremental factors can be identified that cause the
learner to become dependent on feedback in various ways, degrading performance at retention
as we have seen.

Informational Properties of Feedback Direct Behavior

It has been long recognized that feedback provides an informational role for the learner that
offers numerous benefits during practice when feedback is present. Most importantly, feedback
informs about errors in goal achievement, and directs (or guides) the novice learner to make
corrections on subsequent trials. In this way, feedback tends to hold the learner on target,
signaling errors before they become too large, and triggering corrections when they are needed.
Also, feedback serves a motivational (or "energizing") role, helping the learner to stay interested
in the task, to work harder and bring more intellectual resources toward the solution of the
movement problem, and to persist longer in the face of discouragement when skill levels are
low (Salmoni et al., 1984). These factors are critically important for learning, and have been
recognized as such for decades.

Most previous theorists have assumed in one way or another that feedback variations
contributing to effective behavior were in some way interacting with these behaviors to produce
permanent memories--cither by strengthening bonds, by enhancing perceptual traces, or by
building schemata. A critical expectation was that a movement and its feedback consequences
should be very closely tied in time (S-R contiguity) for learning to be effective. However, the
recent evidence presented here suggests that even radical dissociations between a given
movement and its feedback--produced either by summarizing feedback, by delaying feedback in
various ways from the behavior, or even by occasionally withholding feedback altogether--can
be very effective for learning, leading to doubs that the literal pairing of feedback with behavior
closely in time is a critical feature for learning after all.

Adams (1971) wrote that feedback operated primarily by driving the behavior toward the
goal. Then, by quite separate processes, learning was accomplished by the strengthening of a
perceptual trace through "laying down" a feedback-record of the sensory consequences of many
nearly correct movements. Thus, for Adams, and for me (but for different reasons), this
guiding property of feedback is not the most important process in learning. Rather, guidance
merely serves to cause the subject to respond in such a way that the other critically important
learning processes could occur. However, I reject Adams' notion that the strengthening of
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perceptual traces, per se, is the basis for improved performance (see e.g., my arguments in
Schmidt, 1975, 1982, 1988), primarily because of the strong evidence that much of movement
behavior is open-loop in nature. But, even so, I support in general Adams' idea that feedback
guides the learner during acquisition, thereby allowing other learning processes to operate that
strengthen memory, as this idea fits the empirical data very well.

What are these learning processes? Certainly the most obvious of them is mere repetition,
where feedback functions to drive the learner repeatedly to produce active behavior that
approximates the movement's goal. Thus, it is the production (and/or planning) of this action,
and its repetition over many subsequent trials, that serves to form a permanent memory.
Feedback's role, in this way, is to drive the behavior toward the goal, and to ensure that the
behavior continues to be effective, signalling occasional needs for corrections when the learner
drifts off target. But feedback is not needed after every trial so long as the movement is
reasonably close to goal. In fact (as discussed below), feedback on every trial may even be
detrimental to establishing memory because it disrupts the repetition of the movement from trial
to trial.

Inherent in the idea that repetition is critical for learning are two possibilities. It may be the
actual production, or gxecution, of the movement that is essential for learning, with the intrinsic
feedback from proprioception, vision, audition, etc., being critical for the gains due to
repetition. But this notion seems contradicted by several lines of evidence. First, the literature
on the remarkable gains in learning via mental practice (e.g., Heuer, 1986), where no
discernible movement behavior can be observed, raises doubts that movement production is
critical. In view of the earlier, traditional viewpoints for feedback that demanded the linkage of
a movement and its feedback, this literature on mental practice was difficult to understand, in
that no movement--and hence no feedback—was even produced, and thus no learning should
occur. Second, disrupting trial-to-trial repetitions has been shown to be beneficial in the
learning of both verbal skills (¢.g., Landauer & Bjork, 1979; Cuddy & Jacoby, 1982) and
motor actions (Lee, 1988; Lee & Magill, 1983; Magill & Hall, 1990).

Thus it is more likely that the critical factor in learning could be the planning of the action,
including the "retrieval practice” (Bjork, 1979) associated with accessing materials in memory,
and the movement programming and parameterization that readies the movement apparatus for
movement. These preparatory processes have been studied a great deal, but their role in
movement learning has not been considered until recently, and thus their importance must
remain speculative here. But the suspicion raised by the evidence about movement feedback is
that preparation is far more important for learning than has been realized. In fact, it is possible
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that frequent feedback has its decremental roles on leaming because it make the next movement
in the sequence "too easy" to plan, more or less as blocked practice does. If so, this might be a
way to understand the counterintuitive effects of infrequent feedback and randomized practice--
which facilitate learning relative to frequent feedback and blocked practice, respectively.
Unfortunately, these various ideas cannot be clearly separated on the basis of the evidence
presently available, although the potential for movement preparation as the critical variable

seems somewhat stronger.
Guid Prod a Reliance on Feedback in Acquisiti

Our initial ideas with respect to the guidance hypothesis were that frequent, very
informative feedback in acquisition tends to encourage the subject to develop an over-reliance
on it, which can be manifested in several ways as discussed later here. This dependence on
feedback is acceptable so long as it is present in acquisition, because performance is effective
due to feedback's powerful trial-to-trial guiding effects. However, when feedback is
withdrawn in retention, this over-reliance is revealed as a marked disruption in performance as
compared to conditions with less "useful" feedback in acquisition. This dependency on
feedback can be conceptualized in several ways, discussed next.

Feedback Becomes a "Part" of the Task

When feedback is presented after each trial, the subject learns to operate as if the extrinsic
feedback is a fundamental "part” of the task, and comes to expect it as informational support for
the action on subsequent trials. In this sense, strictly extrinsic feedback tends to become
"intrinsic" feedback for the learner, as if it has become "inherent" or "natural” to the production
of that action. If so, when this critical, learned, informational support is removed or altered in a
retention test, performance suffers. This is just what seems to happen in the literature on
physical guidance (e.g., Holding, 1965, 1968), where the guidance serves as a kind of "crutch"
to support behavior--useful so long as it is present, but detrimental to movement functioning
(even compared to no-guidance control conditions) when it was removed at test.

The notion that feedback becomes a "part” of the task is supported in experiments by
Proteau and Marteniuk (1987). Subjects learned an aiming movement with vision present or
not, and then both groups transferred to a retention test without vision; even though vision in
acquisition greatly facilitated performance there, on the no-vision retention test the group that
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learned without vision was more effective. Apparently, subjects with vision in acquisition
acquired a vision-dependency--vision becoming a "part" of the task--and performance
deteriorated when it was removed in retention (see also Griffith, 1931). Admittedly, this visual
feedback provides information during the action as well as after it (unlike KR does). But these
data provide encouragement to the idea that feedback could be learned as a "part" of the task
also, with decrements in performance when it is withdrawn.

Enhanced Leaming of Error-Detection Capabilities

Frequent feedback during acquisition might not always act to become a "part" of the task,
but rather might act to interfere with, or even to block, other important information processing
activities that occur without feedback. Frequent feedback is useful for maintaining effective
performance, so the learner is presumably not motivated to engage in extra, mentally effortful
information-processing activities during acquisition. One of these processes concerns
spontaneous efforts by subjects to detect their own errors after each movement. In one of our
earlier experiments (Schmidt & Shapiro, 1986), we interviewed subjects after they had
practiced relatively simple ballistic-timing tasks for an hour. A majority of subjects said that
they spontaneously attempted to determine their own errors after most trials in acquisition,
presumably by noting how the movement sounded and felt. This attention to intrinsic feedback
seems necessary for the subjects to develop a reference of correctness based on the past
experience (Schmidt, 1975; Schmidt & White, 1972). Then, subjects with this capability can
detect their own errors later by comparing the response-produced feedback on a given trial with
their reference of correctness, providing subjective information about errors that can effectively
substitute for the withheld KR.

The difficulty with frequent KR in acquisition is that it tends to block the need for the
subject to process movement information in this way. Of course, while waiting for extrinsic
feedback, the learner is free to estimate his or her own errors via this comparison of response-
produced feedback and the reference of correctness. But why should learners engage in these
relatively effortful analyses when the experimenter always provides the answer “for free" ina
few seconds? The notion, then, is that frequent feedback, because it gives so much
information, effectively blocks subjective efforts to process movement-produced feedback,
resulting in retarded development of error-detection capabilities. Performance suffers when
feedback is withdrawn at test, as any errors that are produced are not recognized and corrected,
leading to continued errorful movements.
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Evidence from objective-subjective correlations. We have already discussed evidence from
the summary-KR paradigm which favors this view. Here, the 5-trial summary group that was
most effective in retention (compared to 1-, 10, and 15-trial groups) also had the strongest
capability to detect their own errors, as measured by within-subject correlations between actual
and estimated scores. However, these effects were relatively small, error-detection
performance was in any case not very accurate, and these data are vulnerable to the argument
that the objective-subjective correlations are themselves correlated with overall scores for the
task. So for several reasons, these data are not particularly compelling.

The instantaneous-KR paradigm. However, additional evidence from a different paradigm
provides converging evidence for the notion that frequent KR may block error-detection
processes. Swinnen, Schmidt, Nicholson, and Shapiro (1990) assumed that, if KR is
presented instantaneously after a movement, then the learner's motivation to process response-
produced proprioceptive and auditory movement information in order to evaluate their own
errors would be essentially eliminated. This is so because the result of that processing (i.e., the
subjective estimate of the score on that trial) would already have been provided by the
experimenter as KR. This notion leads to the interesting prediction that giving instantaneous
KR will be less effective for developing error-detection processes than will KR that is delayed
somewhat. And, instantaneous KR should be detrimental for performance on retention tests
without feedback. This is, of course, counter to most theoretical expectations about immediate
feedback and learning that have been present for several decades (Bilodeau, 1966, 1969; Tarpy,
1975).

There were three similar experiments (see also Swinnen, 1988), all giving essentially the
same result, but the third one using the more "complex" coincident-timing apparatus discussed
earlier is presented here. One group of subjects received KR about the score on the task 320 ms
after the coincidence-point was reached, which gave the subjective impression of feedback
being nearly instantaneous. Another group received the same information delayed by 3 s--
presumably enough time to allow subjective error-detection processes to occur. Subjects
received two days of acquisition (90 trials per day) under these differential KR-delay
conditions, and then received no-KR retention tests after 10 min, two days, and four months.
The average scores are shown in Figure 12. There were essentially no differences between
groups on Day 1. But by Day 2, the delayed KR group was generating approximately 25%
larger scores than the instantaneous group. This difference persisted into the various retention
tests, and was present even after a four-month retention interval. Clearly, the instantaneous KR
degraded learning in this task. Our interpretation was that it did so by blocking error-detection
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processes necessary for maintenance of performance on the no-KR tests.

Figure 12 about here

One of the most provocative notions contributing to the present ideas stemmed from
Lavery's (1962) findings in the summary-KR paradigm. He showed that a group with
summary KR, but which also had KR after each trial (the Both group in Figure 7) showed
performance and learning essentially identical to that of the Immediate KR group. To us, this
suggested that it was not so much the benefits of the summary-KR reports per se that were
influencing learning, but rather the detrimental effects caused by the KR after each trial. The
suggestion that frequent KR could be harmful for learning seemed to threaten the very core of
traditional belief about feedback and learning.

Lavery's work, plus several other findings mentioned previously, suggest that many of the
benefits of reduced "usefulness" of feedback stem from the fact that the subject is prevented, or
at least not encouraged, to make corrections in the movement on every trial. On the other hand,
subjects with feedback after each trial are encouraged to make "maladaptive short-term
corrections”> which might make the movements somewhat more accurate in the short term (but
less stable, as shown by Sherwood, 1983). But this frequent feedback could interfere with the
long-term learning of these actions. If the behavior is changed after each movement as a result
of frequent feedback, the subject does not have the opportunity to repeat a given action, and
these short-term corrections act to prevent the establishment of smooth, stable patterns. This is
particularly important if a critical factor in learning is repetition, as was suggested earlier.
Conversely, leamners who must produce long strings of trials without feedback tend to make the
same, less generally correct, movement on every trial, which perhaps results in more movement
stability in practice. Contrary to the earlier views that errors should be corrected after every
attempt, the present view is that such short-term modifications are actually maladaptive when
the long-term goal of effective retention is considered.

Perhaps surprisingly, these notions agree in a general way with common practices used by
many excellent teachers and coaches. Particularly in the early stages of practice, coaches often
allow the learner to produce a sequence of actions without feedback. This allows the learner to
produce the same behavior repeatedly, which "filters out" the trial-to-trial variations, so that the
typical movement pattern can be perceived by the instructor as a basis for later giving feedback.
Also, when the feedback is finally given, the learner can relate it to stable characteristic of his or
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her movement patterning, rather than to variations that may have been spurious and would not
have been repeated again in any case. Also, many coaches feel that it is more important to
achieve the proper form (or pattern of action) first, and then later to provide feedback about goal
achievement that will focus the learner on the outcome. According to this view, in shooting a
basketball, a player should first achieve the proper leg and arm coordination, wrist extension at
ball release, and the proper arc on the ball's trajectory. Only when this pattern learning is
achieved should the focus be turned to whether or not the basket was made. In this sense,
feedback about goal achievement might force maladaptive short-term corrections in the pattern;
this might result in more baskets being made in practice, but would actually disrupt learning of
the essential patterns that will be critical for retention.

Several other potential benefits of withholding feedback or reducing its "usefulness" can be
suggested, although there is less empirical evidence for these notions than for the earlier ones.
First, long strings of no-feedback trials may allow the learner to drift away from the target
behavior sufficiently that, when feedback is finally presented, the deviations of the movement
from its goal are readily apparent to the learner, and the nature of the correction needed will be
more obvious. Without any no-feedback trials, behavior will be so heavily guided that it will
not deviate from the target, making errors in the movement less easily detected when feedback
is given (Winstein, 1988). Along similar lines, larger errors in performance generated from
strings of no-feedback trials will produce feedback reports that are themselves more
meaningful, as the errors will be more easily described if they are large. Finally, if variations
around a target behavior are beneficial for learning, as the literature on schema development
suggests (Shapiro & Schmidt, 1982; Schmidt, 1975), then withholding feedback might
potentiate at least one form of this variability--bias away from the target behavior. Other

hypotheses are possible as well.
Some Points of Contact With Reinforcement Research

There are several apparent similarities between the present ideas about feedback and the
large body of work on reinforcement schedules in animals (and sometimes humans). These
paradigms for animal reinforcement studies and human motor learning studies are vastly
different, of course. The reinforcement work has alv?ays been concerned with the elicitation of
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previously learned behavior (bar pressing, pecking, etc.) when a given stimulus is presented,
and the animal's problem is the choice among several learned actions when the stimulus is
presented. By contrast, the human motor learning work is concemned with the acquisition of
new movement behaviors, where there is usually little question of which movement to make,
but rather how to make a given movement faster, more accurately, and so on. I'know of no
animal work where novel motor behaviors are acquired with practice, although such capabilities
must surely exist (e.g., circus dogs learn to do somersaults). Even so, in some ways, the
findings we have generated for feedback seem parallel with those in the animal work,
suggesting that the principles of feedback for humans might be the same as for reinforcement in
animals. Some of these similarities and differences are mentioned next.

One example is the relative frequency paradigm mentioned earlier, which is similar to the
partial-reinforcement and faded-reinforcement paradigms in conditioning work. With partial
reinforcement, reducing the proportion of reinforcements generally degrades performance in
training when reinforcement is being presented, but produces greater resistance to extinction
(i.., no-reinforcement) performance later on. In the work on KR relative frequency, reduced
relative frequency degrades performance in acquisition, but enhances no-KR retention
performance, the later being analogous to extinction trials in the animal work. Also, faded
reinforcement, where the probability of reinforcement is gradually reduced across training,
generally enhances performance in extinction trials. This is strongly analogous to our faded KR
paradigm, where fading enhances no-KR retention performance (Figure 2). While these strong
similarities suggest common mechanisms and theoretical notions, a closer examination reveals
differences between these paradigms as well.

One major hypothesis in the reinforcement work is the specificity (or similarity) view
mentioned earlier. Partial, faded reinforcement is said to be effective because it tends to
simulate the extinction conditions (Tarpy, 1975). Thus our findings here, which argue against
a specificity view for KR and learning, also tends to be inconsistent with this interpretation of
the reinforcement work. For example, the effects of reduced KR relative frequency were not
specific to the KR conditions on the retention test (Figure 3), but were as large for 100%-KR as
they were for no-KR retention tests. The analogous effect in the reinforcement work would
probably not occur, as the 100% reinforcement conditions at retention would probably
overshadow the effect of training conditions. In addition, the evidence on faded feedback
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shows that this variable is more effective than every-trial feedback even for 100% KR retention
tests (Figure 4), a result which would seem unlikely to occur in the animal work (Tarpy, 1975).
Thus, outcomes of experiments in which the feedback conditions are varied in acquisition, but
with 100% KR retention tests, do not parallel those from the reinforcement work very closely.

Instantaneous KR and Immediate Reinforcement

Another apparent similarity in the animal reinforcement and human feedback work
concerns the studies on delay of feedback or reward. A strong finding from the reinforcement
work is that delaying the reward in time from goal behavior degrades both performance in
training and on retention tests (Tarpy, 1975). In fact, if this delay is long enough, the animal
will never reliably produce the goal behavior. This analogous effect has been studied at length
in the human KR literature, with experimenters expecting to find that delayed KR would
degrade learning of movement behaviors. These effects never materialized for performance
during the acquisition phase, with many experiments showing no effect of delayed feedback at
all. And, no effects on learning could be found when various retention tests without feedback
were used (see Salmoni et al., 1984, for a review). This difference in findings has been taken
by many as evidence that the human motor literature and the animal reinforcement literature
were not based on common principles (e.g., Adams, 1968, 1971).

An additional difference between these two lines of work is evident here the instantaneous
feedback paradigm here (Figure 12). In the animal work, giving reinforcement very quickly
generally aids performance and learning, whereas instantaneous feedback degrades motor
learning. It is possible that the addition of extra information-processing activities for human
learning, such as the attention to response-produced feedback and the learning of error-detection
mechanisms, are not present (or at least to the same extent) in animal subjects, leading to the
differences in findings. Overall, while our findings with several variations of feedback
scheduling appear to be fundamentally similar to analogous findings in animal reinforcement
work, there are too many instances where these findings do not operate in the same ways for us

to take this parallel very seriously.

PRACTICAL IMPLICATIONS FOR TRAINING

The findings from this project have numerous implications for practical training settings.
The variations in feedback which produce the most effective learning can often be produced
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with only minor variations in training methods already in place. In present training settings,
summary KR could as easily be provided in riflery practice, and it might even be easier to
provide than immediate KR. Certainly KR could be withheld on certain trials to create reduced
relative frequency, with this relative frequency being high in early practice when the learner is
just acquiring the skills, and reduced later as proficiency increases. And, feedback does not
have to be delivered instantaneously, again simplifying the problem for the design of training
settings. These feedback variations, with some modification, could be employed in land-
navigation training settings as well. In addition, the benefits in terms of long-term retention
appear to be relatively large, suggesting that these changes will be relatively cost-effective ways
to enhance Army training.

A central point is that variations in feedback that enhance performance in acquisition are not
necessarily the same ones that will produce optimal performance in delayed retention tests (see
Schmidt, 1991). This is a particularly important problem in Army settings such as
marksmanship training. This is a skill for which the criterion is not necessarily success in a
training session, but rather is success in a delayed retention test (e.g.,on a battlefield). Further,
these conditions often involve degraded feedback, often with poor lighting or dusty, smoky
conditions, so that the soldier cannot determine very easily whether or not a target has been hit.
The laboratory experiments described above, where success in training can be evaluated in
terms of performance on a delayed no-KR retention test, share many of the same features of this
kind of Army training. Further, they suggest the possibility that efforts to provide high-fidelity
feedback in Army training (and in simulators) could be overdone; this might allow the learner to
be very proficient in training because of various temporary phenomena, but might render him or
her relatively ineffective on an important criterion test to be performed later.

This point has strong implications for the ways in which trainers are trained as well. An
industrious and well-intentioned trainer will naturally attempt to do everything possible in
practice to facilitate performance, as this is what the job is assumed to entail. But many of the
techniques that would be used--such as frequent feedback, instantaneous feedback, blocked
practice, and the like--which have strong performance-facilitating influences during practice do
not produce effective long-term retention. Thus, the very methods used by the most dedicated
trainer could be detrimental to important Army training goals, the most important of which is
long-term retention. This suggests the need to educate those responsible for training with
respect to these other important goals of practice, and how they can be best attained with
effective training methods.

These findings also have important implications for simulator design, such as used in
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riflery and vehicle control. It has usually been assumed, based presumably on earlier
viewpoints about feedback and learning, that effective simulators must have feedback which is
of high "fidelity" and high frequency. This is understandable, as feedback has been designed
with the primary criterion of enhanced performance in the simulator. Our data raise the
likelihood that this feedback can be overdone, particularly when the artificial feedback from the
simulator is removed in the actual criterion setting. It is perhaps unwise to generalize our
results too far in this direction, but these data warrant some skepticism about the general beliefs
about the role of feedback quality in simulators.

Finally, these variations in feedback have their effects evident mainly in retention tests. Of
course, variations in training which increase readiness and decrease the need for retraining and
refresher courses should provide considerable savings in time and resources. Also, the
variables under study here appear to have their effects in conditions for which the feedback is
withdrawn or at least degraded. In riflery, for example, shooting is often done at night, or
under smoky or dusty conditions, making outcome information difficult. This stresses the need
for training which fosters the subject's internal capabilities for responding, and which do not
require the support from feedback at the time that the skill will eventually be used.

SUMMARY

The evidence presented here has revealed in several ways the inadequacy of present
principles of feedback for learning, and of course the theories that have been generated to
account for them. These views have always stressed that information that was more immediate,
more precise, more frequent, and that provided more information about the errors in a
movement, would be most effective for learning. This viewpoint might be essentially correct as
far as performance during the practice phase is concerned (but there are exceptions to this as
well--¢.g., Figures 11 and 12), but it fails to consider the distinction between the temporary
performance effects of feedback and the longer-term leaming effects. When these latter effects
are revealed in various kinds of retention and transfer tests, a number of findings emerge to
suggest that these older ideas about feedback need to be revised. Centainly, the most
provocative one of them is the persistent finding here that providing feedback less often, and/or
in ways that make it "difficult" for the learner to relate a given movement and its feedback, seem
to degrade performance in practice but to enhance leaming as measured on a variety of long-
term retention tests. Thus, the problem becomes one of how this general set of findings could

be explained.
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The preliminaries to a guidance theory of feedback outlined here represents one way to
account for this effect, proposing "positive” and "negative” effects of feedback that operate
together during acquisition. It is well known that feedback provides guidance to leamers in
practice, and drives the behavior toward the task goal by systematically reducing errors. But at
the same time, the very utility of this guidance creates a kind of reliance on feedback, which I
conceptualize as allowing the feedback to become a "part” of the task, as blocking the subjective
processing of intrinsic information that could allow the leamer to develop more effective and
stable memory representations (e.g., error-detection mechanisms), or as creating too many trial-
to-trial maladaptive short-term corrections that block the acquisition of response stability.
Evidence is provided for all of these processes, but it is far too early to determine if they will be
continue to be supported in future experiments. This set of processes is not exhaustive, as the
existence of other such processes are possible, even probable.

Finally, these empirical results, and this first attempt to account for them, provide a new
framework for feedback and learning that seems useful in many practical training settings. The
realization that feedback has several effects at once would seem to emphasize the need for more
thought and planning to be directed to feedback administration--focusing on what information is
provided, and how it is scheduled. More generally, these additional complexitics for feedback
combine with new findings in the organization of practice (e.g., Lee, 1988; Magill & Hall,
1990; Schmidt, in press; Schmidt & Bjork, in press) to encourage a renewed research emphasis
in understanding the surprisingly diverse collection of processes operating in what we
commonly call "practice.”
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FOOTNOTES

1. In this report, I use the term "feedback” to mean all of these forms of extrinsic, augmented,
post-response information.

2. Actually, this procedure was first used in an attempt to minimize trial-to-trial variations in so
that EMG patterning would be more stable and clearly seen (Sherwood, 1983).

3. These group labels were used by Schmidt (1982, 1988), and do not appear in Lavery's
report.

4. We make no claim here to provide an acceptable operational definition of the notion of
"complexity." However, as compared to the ballistic-timing task, this task had more movement
patterns that could be produced, involved a moving display, required a weighted combination of
spatial accuracy and velocity, etc. Perhaps most imponantly; the task performances do not
asymptote for 900 trials or more (Young & Schmidt, 1990) in comparison to the rather rapid
improvements seen in Figure 8, for example. By these criteria, at least, the coincident-timing
task seemed to be more "complex” than the ballistic-timing task.

5. Thanks to Robert A. Bjork, who suggested this term in discussions about this work.
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FIGURE CAPTIONS

Figure 1. Goal position-time pattern (trace ending at 800 ms) and a subject’s attempt to
produce it (extended trace) superimposed as feedback (from Winstein, 1988; Winstein &
Schmidt, 1990).

Figure 2. Mean RMS error in spatial-temporal patterning for two days of acquisition (12
trials/block) under 100% KR or 50%-faded KR, and on a no-KR retention test on the
third day (from Winstein, 1988; Winstein & Schmidt, 1990).

Figure 3. Mean RMS errors in spatial-temporal patterning on a 10-min retention test as a
function of the relative frequency of KR in acquisition (100% or 33%) and retention (0%,
33%, 66%, or 100%) phases (from Winstein, 1988; Winstein & Schmidt, 1990).

Figure 4. Mean RMS error in spatial-temporal patterning for two days of acquisition (12
trials/block) under 100% KR or 50%-faded KR, and on a one-day retention test with
100% KR (from Winstein, 1988; Winstein & Schmidt, 1990).

Figure 5. Mean absolute constant error in relative timing on three variations (averaged
together) of a timing task during acquisition under either 100% or 67% relative
frequencies, and on a novel variation of this task under no-KR conditions after 10 min or
2 days (from Wulf & Schmidt, 1990).

Figure 6. Mean absolute error (6 trials/block) in relative timing on three versions (a, b, ¢) of 2
timing task during acquisition, and for the b-version on a no-KR retention test after 10
min or 2 days; for the b-version in acquisition, feedback was never given for the no-KR
group and was always given for the KR group (from Wulf & Schmidt, 1990).

Figure 7. Mean percent correct (20 trials/day) in three tasks (averaged together) for Summary
KR, Immediate KR, and Both conditions in acquisition, and on six delayed no-KR
retention tests (from Lavery, 1962).

Figure 8. Mean absolute constant errors in ballistic timing (15 trials/block) as a function of
the summary-KR length in acquisition, and on 10-min and 2-day no-KR retention tests
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(from Schmidt, Young, Swinnen, & Shapiro, 1989).

Figure 9. Mean score (arbitrary units, 15 trials/block) on a coincident-timing task as a
function of the summary-KR length in acquisition, and for 10-min and 2-day no-KR
retention tests (from Schmidt, Lange, & Young, 1990).

Figure 10. Mean score (arbitrary units) on a coincident-timing task as a function of the
summary-KR length (1 versus 5 trials) in acquisition (10 trials/block), and on retention
tests (6 trials/block) with KR after each trial (from Schmidt, Lange, & Young, 1988).

Figure 11. Mean score (arbitrary units) on a coincident-timing task in acquisition (20
trials/block) as a function of variations in kinematic feedback (KP), and on no-KP
retention tests after 1 day and 1 week; KR about the score was always present after each
trial in acquisition and retention (from Young, 1988; Young & Schmidt, 1990).

Figure 12. Mean score (arbitrary units) on a coincident-timing task (15 trials/block) as a

function of KR delay on two days of acquisition, and for no-KR retention tests after 10
min, 2 days, and 4 months (from Swinnen, Schmidt, Nicholson, & Shapiro, 1990).
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